Studying the functions of Polychaetoid/ZO-1 and Canoe/Afadin in Drosophila embryogenesis by Blom, Zachary
Studying the functions of Polychaetoid/ZO-1 and Canoe/Afadin  
in Drosophila embryogenesis 
 
Zachary Blom 
 
A thesis submitted to the faculty at the University of North Carolina at Chapel Hill in partial 
fulfillment of the requirements for graduating with Honors in the Department of Biology in the 
College of Arts and Sciences. 
 
 
Chapel Hill  
2014 
 
Approved by: 
 
 
 
 
 
 
 
 
 
   Blom 1 
 
 
 
ABSTRACT 
Most complex organisms begin life as a single cell that must extensively proliferate and organize 
tissues and organs through morphogenesis to become an animal or plant.  For this process to 
correctly function, cells must dynamically adhere and move in a strictly regulated manner. The 
importance of proteins regulating cell-cell adhesion and actin cytoskeleton linkage has been well 
documented. The purpose of my research was to study the morphogenetic role of Canoe (Cno; 
homologue of mammalian afadin) and Polychaetoid (Pyd; homologue of mammalian ZO-1), two 
Drosophila proteins that link the actin cytoskeleton to adhesion molecules. I tested the hypothesis 
that these proteins have a vital role in morphogenesis, and that mutants lacking both will show 
abnormal phenotypes. I looked at cell shape and cellular junction organization, as well as other 
features to characterize phenotypes of mutant flies. Our results suggest embryos lacking both Cno 
and Pyd exhibit cell polarity disruptions, epithelial cell disorganization, cell shape irregularities, 
and embryonic lethality, suggesting a vital role for these proteins. These results help establish new 
understanding of how and where these proteins and their mammalian homologues function in 
morphogenesis and provide a basis for future studies. 
 
INTRODUCTION 
Morphogenesis is the biological process in which organisms develop their multicellular body 
shape by regulating the development of one cell into many. The process by which one cell 
successfully becomes an entire living organism is extremely complex, accurate, and regulated. 
Morphogenesis requires tight regulation of many processes, including dynamic cell adhesion, 
shape change, and size control (Halbleib and Nelson, 2006), which have been my areas of focus.   
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Cell polarity is a key component regulating morphogenetic events. Apical-basal polarity is 
critical for the cell shape change that occurs during certain times in morphogenesis. Cell-cell 
adherens junctions are a major factor mediating epithelial integrity and are apically polarized 
during embryogenesis. Cadherin-based adherens junctions localize to the apical ends of the lateral 
cell membrane of epithelial tissues and function to connect adjacent cells together. Cadherins are 
transmembrane proteins that form calcium-dependent homophilic dimers between neighboring 
cells. The cytoplasmic tails of Cadherins bind to β-catenin, which can subsequently bind α-catenin. 
α-Catenin can bind directly to actin filaments and thus was thought to be a cytoskeletal linker 
directly (Desai et al., 2013) or indirectly (Yamada et al., 2005).  However, it was demonstrated 
that α-Catenin interactions with actin and β-Catenin are mutually exclusive (Yamada et al., 2005).  
Morphogenetic events depend on cytoskeletal interaction with adherens junctions. Therefore, we 
are investigating other potential candidates for the actin-adherens junction linkage using the 
Drosophila embryo, which is an excellent model systems to study cell-cell adhesion during animal 
development. 
In mammals, the ZO family proteins, (ZO-1, 2, 3), are important multidomain scaffolding 
proteins and are known to be vital for assembly and/or maturation of both tight junctions and 
adherens junctions (Fanning and Anderson, 2009).  Polychaetoid (Pyd) is the single Drosophila 
homolog of mammalian ZO-1 and ZO-2.  Pyd is known to be involved in several morphogenetic 
processes such as eye and tracheal system development (e.g. Choi et al., 2011). Pyd is also known 
to colocalize with the adherens junction proteins DE-cadherin and Armadillo (fly β-catenin) (Jung 
et al., 2006; Seppa et al., 2008).   
Afadin is a protein known to link transmembrane proteins to the cytoskeleton.  One such 
protein Afadin binds is Nectin, which is a transmembrane protein colocalizing with E-cadherin 
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(Ecad) at adherens junctions (Takahashi et al., 1999). The Drosophila homologue of afadin is 
Canoe (Cno) (Miyamoto et al., 1995).   Pyd (ZO-1) is known to bind Cno (Afadin) in flies and 
mammals.  Additionally, Cno has been shown to interact genetically with Pyd (Takahashi et al., 
1998).  Zygotic cno mutants have defects in cell shape changes during dorsal closure (Boettner et 
al., 2003), as well as various other regulatory processes (Carmena et al., 2006; Speicher et al., 
2008).  Further, Cno regulates adherens junction linkage to actin cytoskeleton during embryonic 
development (Sawyer et al., 2009; 2011) and Cno with Pyd regulate the anchoring of the actin 
cytoskeleton during certain times of morphogenesis (Choi et al., 2011). Thus, Pyd and Cno are 
two Drosophila proteins that are of interest in regulation of cell-cell adhesion and adherens 
junction linkage to the actin cytoskeleton.  
 
METHODS 
Embryonic lethality 
Fry crosses were set up in a cup and eggs were transferred to a new agar plate in a grid. After 
incubating at 25°C for 72 hours, unfertilized eggs (while color) and fertilized but dead eggs (brown 
color) were counted under the light microscope. The total number of brown/white eggs was 
subtracted from the total amount on the plate to calculate the hatch rate and lethality.  
 
Cuticle Preparation 
Following hatch rate analysis, eggs were collected into an Eppendorf tube of 0.1% Triton X-100 
in water. The eggs were allowed to settle, the Triton was drained out. Then 50% bleach in water 
was added to dechorionate the eggs for 4 minutes.  The eggs were then washed three times in 0.1% 
Triton X-100.  The eggs were transferred to a microscope slide.  The excess liquid was aspirated 
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from the slide and 45µL of 1:1 Hoyers medium and lactic acid solution was added directly on top 
of the eggs and a coverslip was placed on top.  The slide was then placed in the oven at 65 ºC 
overnight.  The following day the microscope slide was taken out of the oven and stored at room 
temperature for cuticles analysis under the phase microscope.  
 
Wing disc collection and analysis 
A dissecting glass block was filled with PBS and larvae were taken from fly vials and placed into 
block. The posterior third portion of the larvae was torn off using two tweezers (forceps) and then 
gut and fat body parts were removed.  The mouthhook of the larvae was held with one tweezer and 
then using the other tweezer the cuticle was inverted by rolling it back onto the tweezer holding 
the mouthhook. The inverted larvae were then placed into a tube containing 4% formaldehyde in 
PBS fixative and incubated for 15 minutes on a nutator. The larvae were then washed three times 
with PBS-T (0.01% Triton in PBS) for 15 minute washes. The larvae were then blocked in PBS-
T/1%NGS and incubated overnight at 4°C.  Then the larvae were incubated with the primary 
antibody in PBS-T/1%NGS overnight.  After three 15 min washes with PBS-T, the larvae were 
incubated with the secondary antibody in PBS-T/1%NGS for 3-4 hours.  Following three washes, 
carcasses of the larve were transferred to a dissecting glass block filled with PBS and, using 
tweezers, the wing discs of the larvae were removed and isolated.  The wing discs were transferred 
to slide and excess liquid was removed with suction and kimwipes. A few drops of Aquapoly 
mounting media were dropped onto the slide and a coverslip was placed on the slide.   
 
Heat Embryo Fixation 
   Blom 5 
 
 
 
Embryos were removed from plate with 0.1% Triton in distilled water and placed in 1.5ml 
eppendorf tube for dechorionating in bleach for 5 minutes on nutator. Rinsed three times with wash 
buffer (0.03% Triton/ 68mM NaCl), embryos were transferred into 15 mL conical tube with 7 mL 
of boiling fixation buffer (0.03% Triton/68mM NaCl/ 8mM EGTA) for 10 seconds. 8mL of pre-
chilled (on ice) fixation buffer was immediately poured into tube with embryos and placed on ice 
for 30 minutes. Embryos were transferred to new 1.5 mL Eppendorf tube and the fixation buffer 
was removed. A 0.5 mL heptane and 0.5 mL methanol/EGTA (5% EGTA) were added. Eppendorf 
tube was shaken vigorously for approximately 30 seconds until embryos settled into bottom 
(methanol) layer. Top layer was removed and fresh methanol/EGTA was added and replaced 
twice.  
 
Formaldehyde Embryo Fixation 
Embryos were dechorionated as above. After removing Triton, embryos were fixed in 0.5 mL 
heptane and 0.5 mL of 3.7% formaldehyde (in PBS/8mM EGTA) on a nutator for 20 minutes. 
Bottom fixation buffer layer was removed and fresh heptane was replaced. A 0.5 mL of methanol 
was added and vitelline membranes were removed by shaking vigorously for approximately 30 
seconds until embryos settled into bottom (methanol) layer. Heptane was removed and embryos 
were washed three times with methanol.  
 
Embryo staining 
Embryos prepared with Heat or Formaldehyde fixation were washed with blocking buffer (1% 
NGS/0.01% Triton/PBS) three times and then stored on a nutator for one hour at room temperature 
(~25°C) or overnight at 4°C. Blocking buffer was removed and 0.5 to 1mL of primary antibody 
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solution (diluted in blocking buffer) was incubated on a nutator for overnight at 4°C. Embryos 
were washed three times with blocking buffer and incubated with secondary antibody solution 
(diluted in blocking buffer) for 3 hours on a nutator at room temperature in the dark. After three 
washes with blocking buffer and once with PBS-T, embryos were mounted on a microscope slide 
using AquaPolymount and covered with a glass coverslip. 
 
Fly stocks and antibodies 
Fly stocks used in this study from the Bloomington Drosophila Stock Center (Indiana University 
Bloomington, IN) were: yellow white (yw) (wild-type), en>GAL4, ptc>GAL4, e22c>GAL4, 
c381>GAL4, mat>GAL4 (GAL4-VP16), and UAS-cnoRNAi.  The UAS-pydRNAi line was from 
Vienna Drosophila RNAi Center (Austria).  The pydB12 line was described in Choi et al 2011. The 
shRNAi lines for double knockdown of Cno and Pyd (cno/pyd RNAi) and cnoRNAi in the pydB12 
background were generated by Choi, W. (unpublished data). Antibodies used in this study were: 
rabbit anti-Cno (Saywer et al, 2009), rat anti-DEcad, mouse anti-Arm, mouse anti-Nrt 
(Developmental Studies Hybridoma Bank, DSHB), mouse anti-Pyd (Choi et al, 2011), TRITC-
phalloidin (Sigma) and mouse anti-phosphotyrosine (Millipore). 
 
RESULTS 
Embryonic viability of maternal and zygotic cno or pyd mutant 
As a baseline, we first examined whether the loss of maternal Cno protein affects fly embryo 
development.  To address this, we crossed females whose germlines were homozygous mutant for 
cno (cnoGLC), thus having no Cno protein or functional gene in the oocyte, to wild-type males 
(see Table I), and assessed the progeny for embryonic viability.  Thus all the embryos will have 
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no maternally provided Cno protein but receive one copy of a functional paternal cno gene. This 
is termed the maternal mutant (cnoM).  The result showed 50.3 % lethality thus suggesting maternal 
Cno is important for normal embryonic development in flies. 
 Next we sought to test the paternal zygotic contribution of the wild-type cno gene in the 
previous cross by crossing cnoGLC females to heterozygous males that carry one functional copy 
of cno and one mutant copy of cno (cnoR2/TM3, twiGFP). Thus theoretically, 50% of fertilized 
zygotes will receive a functional copy of cno from the balancer chromosome (TM3, twiGFP).  The 
other 50% will receive mutant copy of cno (cnoR2) thus resulting in a complete lack of Cno protein 
in the embryo. This is termed a maternal and zygotic mutant (cnoMZ). cnoMZ mutants all die, thus 
the expected lethality would be 75% (Sawyer et al, 2009). However, the lethality was lower (57.2%) 
than the expected (75%). This subtle difference in lethality might be due to different genetic 
background in different stocks, which we will address by repeating the experiment. 
 Previous studies showed that pyd is also important for the proper embryonic development 
and pydMZ embryos showed 60.5% lethality (Choi et al, 2011). To investigate the dynamics of actin 
cytoskeleton in pyd mutant embryos, we generated mutant flies that express GFP-tagged actin in 
specific subset of cells called engrailed-positive cells (enGAL4, UAS-GFPactin) for live imaging. 
These are the cells of the posterior compartment at each body segment.  Since ectopic over-
expression of actin or actin-related proteins sometimes affects viability, we checked the embryonic 
viability of this stock (see Table II). The results from this experiment showed that the lethality of 
pydMZ with GFPactin expressed was 51.2%.  This suggests that the ectopic expression of GFPactin 
for live imaging purpose does not cause a significant change in lethality compared to those without 
GFPactin. Thus live imaging can be done to visualize the dynamic of actin cytoskeleton and the 
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exogenous GFPactin does not affect normal embryo development. My postdoctoral mentor will 
use this to further explore Pyd’s role in cell movement during morphogenesis.  
 
Cooperative functions of Cno and Pyd in fly development 
 Cno and Pyd are known to interact physically and genetically (Takahashi et al., 1998), 
suggesting that they may act in the same pathway to regulate adherens junction to cytoskeleton 
linkage.  We thus desired to look at the phenotypes of cno and pyd double mutants. However, 
mutant flies that possess both cnoR2 and pydB12 were not able to be generated because the two genes 
are too close on the same chromosome to generate recombinants. An alternative approach is to use 
shRNA-based inducible depletion of proteins. In this approach, a driver-GAL4, UAS-shRNA 
strategy was used in which a promoter/enhancer directs expression of GAL4, and GAL4 in turn 
directs transcription of the GAL4-responsive (UAS) target gene in the same cell type (Phelps and 
Brand, 1998).  Using the existing individual RNAi lines (UAS-cnoRNAi and UAS-pydRNAi), we 
were able to generate double RNAi lines that harbor both cno and pyd RNAi sequences (termed 
cno/pyd dKD). The existing lines were ordered from external sources that generated these lines.  
The pydRNAi line was a Valium line from Harvard (Ni JQ et al., 2009) and the cnoRNAi line was 
a Vienna line from Austria (Dietzl G. et al., 2007). These have different promoters driving the 
shRNAs and thus do not necessarily knockdown with the same efficiency in a given tissue. Using 
various driver-GAL4 lines, we tested if reducing both Cno and Pyd proteins in specific types of 
cells affected morphogenesis during embryonic development. Zygotically driven knockdown 
embryos using GAL4 drivers (en, e22c, c381, ptc) will start normal embryonic development with 
maternally provided protein but later during development, will have RNAi-based reduction in 
protein levels in a specific cell type. The lethality observed in all of these knockdowns was low 
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(Table 3) and indicates that the level of zygotic protein knockdown we can achieve by this 
approach does not cause dramatic defects in embryonic development.  
The GAL4-UAS-RNAi system can also be used to knockdown proteins maternally with the 
mat-GAL4 driver which should reduce protein levels in adult female fly’s ovaries. The resulting 
offspring will have substantially reduced maternally provided protein, and the remaining Gal4 
protein can cause zygotic shRNA expression reducing zygotic protein levels significantly (Staller 
et al., 2013).  The lethality of these maternal knockdowns of Cno or both Cno and Pyd proteins 
was significant (Table IV).  The double knockdowns of maternal Cno and Pyd showed the highest 
lethality (84.7% and 84.8% for line #4 and line #6). Single Cno knockdown also showed significant 
lethality at 72.4% while single Pyd knockdown showed a low lethality of 2.1%. Taken together, 
double shRNA knockdown of both Cno and Pyd did not substantially impair embryonic viability 
in flies more than in the single Cno knockdown, but the levels of reduction in both proteins needed 
to be confirmed.   
 
Quantifying the knockdown of Pyd and Cno using the UAS-GAL4 system 
As noted above, the UAS-shRNAi we used for Cno knockdown was a Valium line (Ni JQ et al., 
2009) and the UAS-shRNAi line we used for Pyd knockdown was a Vienna line (Dietzl G. et al., 
2007).  Since the double knockdown of Cno and Pyd did not cause significantly more defects in 
embryonic lethality compared to Cno knockdown alone, we wanted to test if the protein levels 
were reduced as expected.  We did this by immunostaining the embryos for Cno, Pyd, and Ecad 
in each of the mat-GAL4 knockdowns (Figure 1, progeny of mat-GAL4 females crossed to yw, 
UAScnoRNAi, and UAS cno/pyd dKD #4). The embryo staining showed that there was significant 
reduction in Cno but Pyd was not reduced significantly in the double knockdown (Figure 1, 
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CnoRNAi/PydRNAi). This might explain why the lethality of the double knockdown did not 
significantly different from Cno knockdown alone. A speculation would be that the UAS sequence 
used in the Vienna lines might not work efficiently in the germline. This led us to use a different 
approach of Cno proteins knockdown in the pyd null embryo (pydMZ), which will be discussed 
later. 
 
Depletion of Cno and Pyd proteins in the wing tissues leads to changes in patterned cell 
polarity 
Among epithelial cells, it has been demonstrated that cells are polarized not only along the apical-
basal axis but along the cellular x-y plane, which gives cells an overarching sense of direction 
relative to the whole group of cells (Saw et al., 2011). This is termed planar cell polarity (PCP) 
and is important for alignment of structures relevant to the set of cells such as wing hair orientation 
on the Drosophila wing blade.  
Some of the GAL4 drivers tested above have a prolonged expression profile during post-
embryonic development. patched is expressed in wing imaginal discs and wing blades so we 
examined the effect of knockdown of Cno, Pyd or both on those tissues. The ptcGAL4-driven 
expression of shRNA for Cno, Pyd or both disrupted wing hair organization in the regions specified 
by the ptc driver. Figure 2 shows that depletion of Cno (cno RNAi), or Cno and Pyd (cno, pyd 
RNAi) changes the patterned alignment of adult wing hairs compared to wild-type (WT). 
Depletion of Pyd alone has minimal effects on wing hair morphology (pyd RNAi).  The disruption 
was most severe in the double knockdown.  It was also noted that the double knockdown led to 
more wing hairs suggesting that cell proliferation within the tissue is regulated by Cno and Pyd. 
This phenotype is specific to these mutants and suggests important roles of the proteins Cno and 
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Pyd in establishing polarity of the wing hair and thus the important role of Cno in cell organization. 
The data also hints at the possibility of defects in wing disc development during larval stages. To 
address the effect of knockdown on wing disc development, we examined the levels of depletion 
of Cno and Pyd proteins in en and ptc positive tissues (Figure 3). We observed significant reduction 
in protein levels in both tissues. This observation is still preliminary thus further investigation will 
address the cooperative roles of Cno and Pyd in wing development. 
 
Depletion of Cno in pyd null embryos lowers embryonic viability 
To further characterize the phenotype of Cno/Pyd loss and see the effects of tissue-specific Cno 
loss in Pyd null embryos we knocked down Cno protein level in the ptc-driven cell population in 
embryos that lacked Pyd protein (Table V).  This also provides an opportunity to see the 
cooperative effects of Pyd and Cno.  We observed an increased lethality of 43.5% compared to 
18.5% for the flies with no Cno knockdown.  This indicates that in a pyd null background, reducing 
levels of Cno protein causes a synergistic worsening of the phenotype linked to Pyd protein loss, 
implying possible cooperativity of the proteins.  
 
Reduction of Cno in pyd null embryo leads to the defects in cell adhesion properties 
(especially at tricellular junctions) and cell shape irregularities.  
In epithelial cells, strict cell junctional establishment and maintenance is vital to normal cell 
function. Cells should tightly adhere to one another with no gaps creating a stable sheet. Loss of 
cell junctional stability can result in intercellular gaps and compromised cell sheet stability.  Proper 
localization of polarity proteins is vital to create tightly adhering cell junctions.  
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Loss of Pyd in the embryo affects only the later stages of embryo development (Choi et al., 
2011), and has relatively little or no effect on cell adhesion or cell shape during embryogenesis. 
We hypothesized that Cno may play a compensatory roles in the absence of Pyd or vice versa. The 
Cno knockdown with Pyd loss led to severe cuticle phenotype suggesting the early stage of embryo 
development (e.g. cellularization) would have defective morphogenesis. The reduction in Cno 
proteins in the pyd null embryo was confirmed (Figure 4A). Cno reduction with Pyd loss promotes 
gaps between cells, especially at the tri-cellular junctions (Figure 4B, Figure 5, arrows). Figure 5 
demonstrates specific lack of Neurotactin (Nrt, membrane marker) localization directly at the 
tricellular junctions, suggesting weaker or no adhesion.  These gaps were more pronounced on the 
apical ends of cell membranes (Figure 4B, arrows in the top panel). Additionally, cell shape 
irregularities (Figure 4B, Figure 5, stars) and deviation from column shapes (Figure 4C) were 
noted.  Further analysis will be performed to confirm a lack of nucleus in what we believe to be 
true gaps of substantial size. The lethality of these embryos was observed to be 100% (data not 
shown).  
 
Discussion 
The ultimate goal of our work is to determine the roles of Cno and Pyd in morphogenesis.  Both 
have shown to be important and potentially may function in cell-cell adhesion and adherens 
junction linkage to actin cytoskeleton.  Our goal is to figure out where and why these proteins are 
important and what exactly they are doing.  
Using fly embryos that lack Pyd, Cno, or both proteins in the whole embryo or in specific 
tissues, we investigated whether Pyd or Cno are important for normal embryonic or post embryonic 
development. Previous studies from our lab found that cno zygotic mutant flies (null mutant) are 
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homozygous lethal whereas pyd zygotic mutants are homozygous viable; however for maternal 
and zygotic pyd mutants the adult viability is reduced to 2% compared to the sibling control (50%) 
(Choi et al., 2011; Sawyer et al., 2009). We generated flies that lacked proteins in the oocyte, 
proteins in the zygotic embryo, or both. cnoMZ or pydMZ embryos are maternal and zygotic mutants 
for the protein Cno or Pyd. Lethality was tested to determine the consequence of Cno or Pyd loss. 
The data suggests that, as expected based on previous experiments, mutants lacking Cno show 
more severe lethality than Pyd. Mutants with no Pyd can survive in significant numbers while all 
cnoMZ mutants die.  Therefore Canoe has a more vital role in embryo survival than Pyd.  The results 
from the cnoM vs cnoMZ cross were somewhat unexpected because the lethality was not 
significantly higher for a cross with a heterozygous male compared to a cross with a wild type 
male.  This result may be due to various factors including fly stock health fluctuation, unequal 
experimental conditions, contamination, or insufficient numbers tested.   
Since cnoR2 pydB12 double mutants could not be generated, the alternate method of using 
shRNA-based inducible depletion of both proteins was used to see if knockdown of both proteins 
significantly altered embryonic development.  Females with the GAL4 driver expressed under 
control of various promoters for expression in different tissue were mated with males containing 
the UAS-shRNA construct for specific protein(s) knockdown. en-GAL4 drives expression in 
engrailed stripes in embryos, in imaginal discs and in adult organs/appendages, LE-GAL4 drives 
expression in leading edge cells in embryos, c381-GAL4 drives expression in amnioserosa cells 
in embryos, e22c-GAL4 drives expression in epidermal cells (as well as imaginal discs and follicle 
cells later), and ptc-GAL4 drives expression in the patched stripes in embryos and imaginal discs.  
The low lethality we observed indicated that there were not dramatic embryonic defects.  However, 
when we tested the efficiency of our UAS-GAL4 Pyd/Cno knockdowns we found dramatic 
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inefficiency in our Pyd knockdown when the maternal driver (mat-GAL4) was used (Table IV). 
The mat-GAL4 was used to knock down protein maternally; mat-GAL4 drives expression in 
ovaries of adult female flies to effectively knockdown maternally provided protein. This 
experiment showed dramatically higher lethality of the cno, pyd double mutants and cno single 
mutant.  The immunostaining indicated that Cno levels were efficiently knocked down but Pyd 
levels were not (Figure 1).  This means that in maternal knockdowns, Cno (Valium line) was 
removed to a greater extent than Pyd (Vienna line) and thus it is important to notice that this may 
cause Pyd knockdowns to show a less extreme phenotype due solely to the fact that not as much 
of the protein is being removed. Future experimentation with a line that knocked down Pyd more 
efficiently would be vital characterization of the Cno/Pyd phenotypes. 
To test the cooperative functioning of Pyd and Cno in embryo without using the ineffective 
Pyd RNAi reduction, we knocked down Cno in ptc tissue in pyd null embryos compared to pyd 
null embryos alone (Table V).  The increased lethality from 18.5% to 43.5% (compared to 2.9% 
for Cno ptc knockdown alone) indicates that the loss of Cno acts synergistically to worsen the 
effects of Pyd loss.  This suggests the cooperativity of Cno and Pyd.  
To further investigate the role and cooperativity of Cno and Pyd, wing discs and wing 
blades were analyzed to determine the knockdown efficiency and the resulting phenotype. Wing 
discs are structures present in fly larvae that will eventually become the wing blade once fully 
developed.  In the wing disc, we found that our UAS-shRNAi construct led to significantly reduced 
levels of Cno and Pyd protein.  In the adult wing blade we found disrupted wing blade hair polarity 
and thus disrupted cell organization.  These results highlight the importance of Pyd and Cno in 
cellular organization. The data from wing discs and adult wings suggest that Cno and Pyd might 
function cooperatively in certain tissues during development and perhaps function in regulating 
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proper cytoskeletal structure at cell-cell junction such as adherens junction. It will be important to 
explore the mechanism of these disruptions in planar polarity of wing hair.  
Important to our discussion are the previous study results that showed Cno regulates the 
adheren junction linkage to the actin cytoskeleton (Sawyer et al., 2009) and the planar polarity of 
polarity proteins (Sawyer et al., 2011) and that both Cno and Pyd regulate the anchoring of the 
actin cytoskeleton during later stages of embryogenesis (Choi et al., 2011). In analyzing our results 
it is important to consider that strong links between Cno and Pyd to the actin cytoskeleton and 
their roles in planar polarity of developing tissue have been established and our final crosses should 
be considered in this light.  
 Finally, in order to phenotypically characterize the effect of Cno depletion (Cno KD) in 
the pyd null embryo we imaged early stage epithelial cells (Figure 4 and Figure 5). This 
experimentation was designed to produce the most extreme reductions in the levels of Pyd and 
Cno. The results suggested that epithelial cell integrity was compromised potentially due to loss 
of adhesion and cell size regulation.  
In the Cno KD pyd mutant embryos, intercellular gaps were commonly present. Spaces 
appeared to be of small size and abnormal shape, indicating there was a strong possibility that 
these spaces were intercellular gaps rather than abnormally shaped cells. This may suggest 
decreased adherens junction stability and function, caused by the lack of Pyd and reduced levels 
of Cno protein in the junctions. As would be expected if these results were due to adherens junction 
disruption, the intercellular gaps were more pronounced in the apical ends of lateral membrane. 
This can presumably be linked to the nature of adherens junctions being apically located. This 
further supports the notion that these results are due to the disruption of adherens junctions.  
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 Interestingly, these gaps were more commonly present at tri-cellular junctions than at cell-
cell faces (bi-cellular junctions). This result may be due to increased cellular reliance on adherens 
junctions at the tri-cellular junctions than at bi-cellular junctions.  This may be due to the greater 
quantity of Cno localization that occurs normally at tri-cellular junctions (Choi et al., 2013). 
Lacking Cno may thus have more potential to cause adhesive problems at the tri-cellular junctions 
where it is normally localized more deeply.  This result could be further explored by examining 
the adherens junction density as well as the full protein dynamics at tri-cellular junctions compared 
to bi-cellular junctions.  
 The phenotype we have witnessed bears a striking resemblance to that of Rap1 mutant 
embryos (Choi et al. 2013).  It was hypothesized that Rap1 and Cno were required to anchor the 
important polarizing protein Bazooka (Baz) apically (Choi et al. 2013). It was found that apical 
cell shape irregularity was present in Rap1 mutants, but not in Cno mutant. Our results showed 
strong phenotypic similarity in this regard as well.  Cell shape irregularities were present and 
similar to Rap1 mutants. To branch out from these results it may be the case that Rap1 acts 
upstream of Cno and other effector proteins (potentially working to regulate Cno localization) and 
is more important for polarity establishment.  It may also be the case that Cno, as would be 
suggested by our results, has redundancy with Pyd. It is reasonable to consider that Cno/Pyd may 
have roles in both functional adherens junction adhesion as well as cell shape regulation. 
Additionally, given the nature of previous data implicating Pyd and Cno to actin cytoskeleton 
linkage, it may be the case that our data supports a model where the phenotypes observed have a 
mechanism where the junctional cytoskeleton architecture is compromised by the loss of key 
linkage factors: Pyd and Cno.  
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The mechanisms by which loss of adhesion and loss of cell shape regulation/establishment 
are occurring would, at present, be speculative. However, these results are interesting for gleaning 
some insight into the functioning, and more importantly the cooperative or redundant functioning 
of Canoe and Polychaetoid. Further analysis may prove fruitful if directed at trying to establish a 
more complete web of relations among the cytoskeleton, adherens junctions, and polarity proteins.   
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Appendix 
Table I. Embryonic viability of cnoM vs cnoMZ 
Genotype (Crosses) 
Lethality N 
Females Males 
cnoGLC 


 50.3% 515 
cnoGLC 
twiGFPTM
cnoR
,3
2
 56.58% 678 
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Table II. Embryonic viability of pydMZ expressing GFP actin in engrailed stripes 
Genotype (Crosses) 
Lethality N 
Famales Males 
enGAL4, UAS-GFPact;  
12
12
B
B
pyd
pyd
 
enGAL4, UAS-GFPact; 
 
12
12
B
B
pyd
pyd
 
51.2% 209 
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Table III. Embryonic lethality from depletion of Cno, Pyd or both proteins in the embryo 
Genotype (Crosses) 
Lethality n 
Females Males 
en-GAL4 
UAS-cno RNAi 2.9% 274 
UAS-pyd RNAi 6.1% 245 
UAS-cno/pyd dKD RNAi #4 2.3% 347 
UAS-cno/pyd dKD RNAi #6 2.4% 330 
yw (wt) 5.0% 60 
e22c-GAL4 
UAS-cno RNAi 0.3% 311 
UAS-pyd RNAi 1.1% 279 
UAS-cno/pyd dKD RNAi #4 1.3% 307 
UAS-cno/pyd dKD RNAi #6 0.3% 303 
yw (wt) 0.0 257 
c381-GAL4 
UAS-cno RNAi 2.1% 290 
UAS-pyd RNAi - - 
UAS-cno/pyd dKD RNAi #4 0.7% 293 
UAS-cno/pyd dKD RNAi #6 - - 
yw (wt) 1.0% 207 
ptc-GAL4 
UAS-cno RNAi 2.9% 277 
UAS-pyd RNAi 3.5% 317 
UAS-cno/pyd dKD RNAi #4 2.7% 297 
UAS-cno/pyd dKD RNAi #6 2.9% 315 
yw (wt) 0.9% 328 
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Table IV. Embryonic lethality from depletion of Cno, Pyd or both proteins in the oocyte 
Genotype (Crosses) 
Lethality* N 
Females Males 
mat-GAL4 
UAS-cno RNAi 72.4% 413 
UAS-pyd RNAi 2.1% 423 
UAS-cno/pyd dKD RNAi #4 84.7% 439 
UAS-cno/pyd dKD RNAi #6 84.8% 475 
yw (wt) 1.1% 476 
* Lethality was calculated for F2 by crossing F1 with yw 
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Table V. Embryonic lethality of ptcGAL4 driven Cno knockdown in pydB12 background 
Genotypes of crosses 
Lethality n 
Female Male 
ptc-GAL4 UAS-cno RNAi 
2.9% 277 
12
12
,
,
B
B
pydcnoRNAi
pydcnoRNAi
 

12Bpyd
 18.5% 246 

4ptcGAL

12
;
Bpyd
 43.5% 275 
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Figure 1. Pyd protein levels are not reduced significantly in maternal knockdowns. Cno protein 
levels are reduced significantly. Embryos prepared using heat fixation, were stained for Cno and 
Pyd, and imaged using confocal microscope (Zeiss LSM510). 
   Blom 26 
 
 
 
 
Figure 2. Reducing Cno and/or Pyd proteins in adult fly tissue leads to disrupted organization of 
wing hair. Shown are ptcGAL4-driven expression of shRNA for Wild type, Pyd, Cno, or Pyd and 
Cno. Lower panels are zoomed image of boxed region in the top panels.  
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Figure 3. enGAL4 or ptcGAL4-driven expression of shRNA for Cno or Cno and Pyd both result 
in the reduction in protein levels in the wing disc.  GFP (Green florescent protein) expression 
regulated by the drivers (en or ptc) to visualize area of shRNA expression.   
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Figure 4. Cno and Pyd work together to regulate the integrity of cell-cell adhesion (arrows) and 
shape (stars). (A) Embryos prepared using heat fixation, were stained Cno showing the depletion 
of Cno. (B) Three different sections from apical to basal. Each sections were spaced 2 mm.  
Embryos were fixed using heat fixation, stained for Nrt and imaged using confocal microscope 
(Zeiss LSM510).  
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Figure 5. Cno and Pyd work together to regulate the integrity of cell-cell adhesion and shape. 
Arrows demonstrate tri-cellular gaps where Nrt is highly reduced. Stars demonstrate cell shape 
irregularities. Embryos prepared using heat fixation, were stained for Nrt and Cno, and imaged 
using confocal microscope (Zeiss LSM510).  
